CD4 ⍣ T cells are generally specialized to function as helper cells and CD8 ⍣ T cells are generally specialized to function as cytotoxic effector cells. To explain how such concordance is achieved between co-receptor expression and immune function, we considered two possibilities. In one case, immature CD4 ⍣ CD8 ⍣ thymocyte precursors might first down-regulate expression of one co-receptor molecule, with the remaining co-receptor molecule subsequently activating the appropriate helper or cytotoxic functional program. Alternatively, we considered that the same intrathymic signals that selectively extinguished expression of one or the other co-receptor molecule might simultaneously initiate the appropriate helper or cytotoxic functional program. In the present study, we attempted to distinguish between these alternatives by examining thymocyte precursors of CD8 ⍣ T cells for expression of Cathepsin C and Cathepsin W, molecules important for cytotoxic effector function. We report in developing thymocytes that Cathepsin C and Cathepsin W are expressed coordinately with extinction of CD4 co-receptor expression. We conclude that CD4 extinction and initiation of the cytotoxic functional program occurs simultaneously during differentiation of CD8 ⍣ T cells in the thymus.
Introduction
During T cell development in the thymus, immature to become cytolytic effector cells, regardless of the MHC specificity of their TCR. Thus, it is possible to experimentally CD4 ϩ CD8 ϩ [double-positive (DP)] thymocytes expressing both CD4 and CD8 co-receptors differentiate into immunoseparate TCR specificity from lineage choice so that the MHC specificities of the TCR and co-receptor molecules expressed competent CD4 ϩ CD8 -or CD4 -CD8 ϩ [single-positive (SP)] T lymphocytes. The specificity of the αβTCR directs this by mature T cells are discordant (6-8). Thymocytes expressing an MHC I-restricted TCR can be induced to maturational process, such that DP thymocytes that express TCR specific for MHC class II mature into CD4 ϩ helper T cell mature into CD4 ϩ T cells, and thymocytes expressing an MHC II-restricted TCR can be induced to mature into CD8 ϩ precursors, while DP thymocytes that express TCR specific for MHC class I mature into CD8 ϩ cytotoxic T cell precursors.
T cells (6-8). Remarkably, in the few cases in which this has been achieved, the functional specialization of these The process by which this occurs in DP thymocytes is referred to as positive selection (1-4) and has been separated into mismatched T cells appears to remain concordant with their co-receptor choice, so that CD8 ϩ T cells expressing an MHC three distinct developmental stages: induction, co-receptor extinction (lineage commitment) and rescue (5).
II-restricted TCR can function as cytotoxic effector cells and CD4 ϩ T cells expressing an MHC I-restricted TCR can function Function appears to be matched to co-receptor expression during thymic maturation: CD4 ϩ T cells are specialized to as helper cells (6-8).
To understand how lineage choice and cellular function become helper cells and CD8 ϩ T cells are specialized might be linked, we considered two possibilities: (i) DP cultured overnight, after which cells re-expressing CD4, CD8 and high levels of CD5 were isolated (Fig. 1) . thymocytes are first signaled to extinguish expression of one co-receptor, followed by programming for cellular function
We isolated DP CD5 hi , CD4 CD5 hi cells and CD8 SP CD5 hi cells by cell sorting from fresh thymocytes. To prepare CD4-directed by the remaining co-receptor molecule, or (ii) DP thymocytes are simultaneously signaled in the thymus to and CD8-committed DP thymocytes, we first isolated DP CD5 hi thymocytes, as these have been shown to be enriched in extinguish expression of one co-receptor molecule and to initiate the appropriate functional program (9). Consequently, lineage-committed precursors (19). These cells were pronase stripped and cultured overnight to permit co-receptor rewe wished to determine whether lineage choice and functional specialization occur sequentially or simultaneously in signaled expression. We then sorted CD5 hi cells re-expressing CD4 but not CD8 as CD4-committed CD5 hi DP cells; and CD5 hi DP thymocytes.
To this end we have examined the developmental stage at cells re-expressing CD8 but not CD4 as CD8-committed CD5 hi DP cells. which programming for cytotoxic effector T cell function begins during thymic maturation. Our approach was to exam-RT-PCR ine cells at different developmental stages in the T cell differentiation pathway for expression of RNAs encoding
We prepared total RNA from 1-2ϫ10 4 cells of each thymocyte effector molecules thought to be important for cytotoxic T cell subpopulation using the GlassMAX RNA Microisolation spin function. Of the effector molecules that are important for cartridge system (Gibco/BRL, Rockville, MD). We reverse cytotoxic T cell function, the pro-granzyme processing transcribed total RNA to cDNA using a poly(dT) oligonucleoenzyme Cathepsin C (also known as Dipeptidyl peptidase I) tide (Superscript II; Gibco/BRL), so that only polyadenylated is expressed in granules (10-12) and functions to activate RNA transcripts were primed and reverse transcribed to granzymes A and B that are required for nucleolysis of targets cDNA. The following Cathepsin C, Cathepsin W and β-actin by cytotoxic T lymphocytes (CTL) (13). Indeed, expression of primers were used for PCR amplification of serially diluted Cathepsin C is up-regulated in CD8 ϩ SP T cells in the thymus cDNA: Cathepsin C: 5Ј-cca act gca cct acc ctg at-3Ј; 5Ј-ctg and spleen (14), and is further up-regulated in activated CTL aac ggt att gat ggc ct-3Ј; Cathepsin W: 5Ј-atc tcg tcg gtc (15). In addition to Cathepsin C, we have also examined aag aac ca-3Ј; 5Ј-ccc cag gag ttc ttc agg at-3Ј; β-actin: 5Ј-expression of Cathepsin W which also is thought to be cag gca ttg ctg aca gga tgc-3Ј; 5Ј-aag ggt gta aaa cgc agc important for cytolytic function, and which has been shown tca g-3Ј. Each PCR reaction contained 150 cell equivalents to be expressed primarily in peripheral CD8 ϩ T cell and NK of cDNA at the top concentration and 3-fold serial dilutions cells (16,17). We report that RNAs for Cathepsin C and at subsequent concentrations. We performed 36 cycles of Cathepsin W are up-regulated simultaneously with extinction PCR amplification (Taq DNA polymerase kit; Gibco/BRL) with of CD4 co-receptor expression during thymic development.
1 min of denaturation at 94°C, 1 min of annealing at 55°C These results indicate that programming for cytotoxic effector and 1 min of polymerization at 72°C. Amplified products function begins concomitantly with CD4 co-receptor shut-off were analyzed on 1.5% agarose gels, transferred to nylon during T cell development in the thymus.
membranes (Hybond-Nϩ; Amersham) and hybridized with the indicated probes: Cathepsin C: 5Ј-agt atg ccc aag att ttg ggg tggt-3Ј; Cathepsin W: 5Ј-tca ccg tga cca tca aca tga Methods aac-3Ј; β-actin: 5Ј-gcc tca ctg tcc acc ttc cag cag-3Ј. Southern blots were quantitatively analyzed on a Phosphorimager Mice (Molecular Dynamics, Sunnyvale, CA). Band volumes were Normal B6 mice were obtained from the Frederick Cancer calculated and expressed as a ratio of the volume of the β-Research and Development Center (Frederick, MD). β 2 -Microactin band at the top cDNA input concentration (150 cell globulin (β 2 m)-deficient mice (18) were crossed to the equivalents). C57BL/6 background. All mice were housed in a specific pathogen-free facility and used at 4-12 weeks of age.
Results

Cell isolation
We isolated each thymic population by a combination
We have previously determined that DP thymocytes are heterogeneous with regard to CD5 expression and coof pronase treatment (0.01% pronase; Calbiochem Novabiochem, San Diego, CA), cell culture and electronic cell receptor extinction, and contain at least three subpopulations of cells. Formal precursor-progeny analysis has identified a sorting as described (5) (Fig. 1 ). Cells were stained prior to sorting with anti-CD4-FITC (RM4-5; PharMingen, San Diego, linear developmental sequence such that UDP CD5 lo → UDP CD5 hi → lineage-committed DP CD5 hi → SP T cells (Fig. 1A) . CA), anti-CD5-phycoerythrin (53-7.3; PharMingen) and anti-CD8-CY5 (CT-CD8a; Caltag, Burlingame, CA). DP thymocytes To examine the developmental stage at which programming for cytotoxic effector function first begins during T cell maturaare heterogeneous for CD5 expression, as well as for coreceptor re-expression after pronase treatment. All CD5 lo DP tion, we isolated B6 DP thymocytes at each of these developmental stages (Fig. 1B) . We prepared cDNA from each thymocytes re-express both CD4 and CD8 after pronase treatment, and so uncommitted DP CD5 lo (UDP CD5 lo ) cells population, and examined expression of Cathepsin C, Cathepsin W and β-actin using semi-quantitative PCR (Fig. 2) . The can be isolated by sorting for cells expressing CD4, CD8 and low levels of CD5. To isolate uncommitted DP CD5 hi (UDP left-most lane in each group corresponds to cDNA from 150 cell equivalents and subsequent lanes correspond to 3-fold CD5 hi ) cells, B6 thymocytes were treated with pronase and Fig. 1 . Description and method of isolation of thymic subpopulations used in this study. (A) Precursor-progeny relationships between subpopulations of DP thymocytes. Black circles represent cells which express both CD4 and CD8 surface proteins, and so are phenotypically DP thymocytes. Nevertheless, DP thymocytes are heterogeneous for CD4 and CD8 co-receptor mRNA expression, and the co-receptor mRNAs that are present within each cell are indicated. (B) Isolation of DP and SP T cells. Single-cell suspensions of thymocytes were fractionated by a combination of pronase treatment and cell sorting after staining with antibodies to CD4, CD8 and CD5. As indicated, we isolated the following thymocyte subpopulations from normal B6 mice: UDP CD5 lo thymocytes; UDP CD5 hi thymocytes; CD4-and CD8-committed DP CD5 hi thymocytes; and CD4 ϩ and CD8 ϩ SP thymocytes. serial dilutions of cDNA. All populations expressed roughly UDP CD5 lo and CD8-committed DP thymocytes. Interestingly, Cathepsin C and Cathepsin W were not detected in UDP equivalent amounts of β-actin mRNA as visualized by RT-PCR.
It can be seen in Fig. 2 (upper panels) that Cathepsin C CD5 hi cells (Fig. 2, bottom panels) , which continue to express both CD4 and CD8 proteins. Hence, the developmental stage and Cathepsin W mRNA transcripts were not detected in UDP CD5 lo cells, CD4-committed CD5 hi DP cells or CD4 ϩ SP at which CD8-lineage cells first up-regulate expression of Cathepsin C and Cathepsin W is precisely the same develop-T cells. In contrast, Cathepsin C and Cathepsin W mRNA transcripts were detected in CD8 ϩ SP T cells and, surprisingly, mental stage at which CD4 protein synthesis is selectively terminated. in CD8-committed CD5 hi DP cells (Fig. 2) . Thus, expression of Cathepsin C and Cathepsin W was up-regulated in developing CD4 extinction in TCR-signaled precursors of CD8 T cells requires interaction with MHC class I molecules (20). As a thymocytes at some time after the UDP CD5 lo stage of development, and either before or simultaneously with CD8 result, mice lacking β 2 m have very few CD8 ϩ T cells in primary and secondary lymphoid tissues, and have very few CD8-commitment (Fig. 2) . Consequently, we examined UDP CD5 hi thymocytes which are developmentally intermediate between committed cells in their thymi. We wished to determine whether Lineage relationships among thymocytes are diagrammed between the two panels. In this diagram, black circles represent DP thymocytes which express both CD4 and CD8 surface proteins, but which differ in the CD4 and CD8 co-receptor mRNAs they contain, as indicated.
up-regulation of Cathepsin C and Cathepsin W mRNAs in TCRsignaled thymocytes was similarly MHC class I dependent. We therefore compared Cathepsin W expression in DP CD5 hi thymocytes from wild-type and β 2 m-deficient mice (Fig. 3) . Cathepsin W mRNA was greatly reduced in DP CD5 hi thymocytes from β 2 m-deficient mice as compared to DP CD5 hi thymocytes from wild-type mice. Thus, MHC I-dependent signals which are required for extinction of CD4 expression are also required for up-regulation of Cathepsin W. choice of these molecules was based on our reasoning that they are likely to be important in processing other enzymes involved in the effector phase of CTL killing. We report that References increased expression of mRNAs for Cathepsins C and W occurred concomitantly with CD4 extinction in developing
